Abstract Signals of fertility in female animals are of increasing interest to evolutionary biologists, a development that coincides with increasing interest in male mate choice and the potential for female traits to evolve under sexual selection. We characterized variation in size of an exaggerated female fertility signal in baboons and investigated the sources of that variance. The number of sexual cycles that a female had experienced after her most recent pregnancy ("cycles since resumption") was the strongest predictor of swelling size. Furthermore, the relationship between cycles since resumption and swelling size was most evident during rainy periods and was not evident during times of drought. Finally, we found significant differences in swelling size between individual females; these differences endured across cycles (i.e., were not explained by variation within individuals) and persisted in spite of ecological effects. This study is the first to provide conclusive evidence of significant variation in swelling size between female primates (controlling for cycles since resumption) and to demonstrate that ecological constraints influence variation in this signal of fertility.
Introduction
Signals of fertility are common among females across animal taxa, from insects (Liebig et al. 2000; Endler et al. 2004 ) to fish (Rowland et al. 1991; Massironi et al. 2005; Benson 2007 ) to reptiles (Baird 2004; Weiss 2006) to mammals (Brauch et al. 2007; Charlton et al. 2010) . These signals are generally understood to have evolved because they increase the probability of fertilization (i.e., they reduce wasted reproductive opportunities) or because they focus mating activity around the time that a female can conceive (i.e., they reduce the costs of harassment and non-conceptive mating). Recently, evolutionary biologists have demonstrated a growing interest in the potential for these signals to both influence male mate choice decisions and to evolve under sexual selection. Indeed, many of the female traits that are proposed to be under sexual selection are considered signals of female fertility (Amundsen and Forsgren 2001; Huchard et al. 2009a, b) . In order to understand the extent to which a fertility signal is shaped by forces beyond the most basic need for a female to become pregnant, an understanding of the sources of variation in the female trait is required. Despite the growing interest in fertility signals and sexual selection on females, relatively little research has been conducted on variation in female fertility signals.
One of the most conspicuous signals of female reproductive status in vertebrates has evolved multiple times in the primate lineage (Dixson 1983; Nunn 1999) : the exaggerated estrous swelling displayed by many female cercopithecine primates. These swellings of the anogenital region appear
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during the follicular phase of the sexual cycle and increase in size until some period of maximal swelling, which generally occurs near ovulation (but this relationship varies across species; e.g., for species with good prediction of ovulation, see Wildt et al. 1977; Emery and Whitten 2003; Higham et al. 2012 ; for species with looser concordance, see Reichert et al. 2002; Engelhardt et al. 2005) . This variation within a given sexual cycle has been well-characterized and its proximate hormonal drivers are well understood (characterization of within-cycle variation, Wildt et al. 1977; Reichert et al. 2002; Emery and Whitten 2003; Deschner et al. 2004; Engelhardt et al. 2005; hormonal mechanisms, Gillman 1941; Kato et al. 1980; Onouchi and Kato 1983; Bentley et al. 1986; West et al. 1990) . A key consequence of exaggerated swellings is that they are one mechanism by which females might extend their period of sexual receptivity beyond what is required only for fertilization. In other words, exaggerated swellings signal the possibility of conception beyond that period of time when it may be most probable, even for those species in which ovulation and maximal swelling are tightly correlated.
Males respond to the appearance of these swellings unambiguously; decades of studies in natural primate populations demonstrate that swellings motivate males to initiate mating and mate-guarding behaviors (Hausfater 1975; Tutin 1979; Packer 1979; van Noordwijk 1985) . Additionally, experimental studies confirm that swellings are a primarily visual stimulus (Bielert and Girolami 1986; Girolami and Bielert 1987) . Although some studies suggest that shape, color, and odor may also provide information to males, the key importance of swelling size has been consistently upheld (shape, Huchard et al. 2009a, b; color, Higham et al. 2008a, b; odor, Clarke et al. 2009; size, Bielert and Anderson 1985; Emery and Whitten 2003; Deschner et al. 2004; Gesquiere et al. 2007; Brauch et al. 2007; Higham et al. 2008a Higham et al. , b, 2012 Huchard et al. 2009a, b; Nitsch et al. 2011; Breaux et al. 2012) .
Indeed, this established functional significance of swellings (they signal something about ovulation and males respond to them) has led to one widely accepted hypothesis for their evolution. The "graded signal" hypothesis posits that, by extending the period of receptivity and thus the probability of multiple mating, swellings function to both confuse paternity (by facilitating multiple mating by females, thereby increasing the number of males that are potential fathers and thus protectors of the infant) and bias paternity towards high quality males (by inciting the heaviest competition when conception is most probable). This hypothesis, which seeks to explain variation in swelling size within each cycle, is supported by multiple lines of evidence (Nunn 1999) .
However, swellings exhibit two additional types of variation that may also have functional significance but remain largely uncharacterized. (1) Swelling size can vary between cycles within an individual; females in most primate species cycle repeatedly before conception occurs, and the few studies that have examined swelling size during consecutive cycles suggest that swelling size increases from one cycle to the next until conception (Emery and Whitten 2003; Deschner et al. 2004; Higham et al. 2008a, b; Huchard et al. 2009a, b) . (2) Swelling size can vary between individuals. That is, differences in maximal swelling size may be an intrinsic characteristic of an individual such that some always have large swellings while others always have relatively small swellings. Demonstrating between-individual variation requires controlling for within-and between-cycle variation, and this has not been done before. A couple of studies have reported such variance (Domb and Pagel 2001; Huchard et al. 2009a, b) but the first study was confounded by differences in foraging regimes (Zinner et al. 2002) and the second had a limited sample size. Importantly, no study to date has been able to examine individual variation in swelling size specifically on conceptive cycles, which is the ultimate test of the hypothesis that individuals differ in swelling size even controlling for conceptive status.
Despite the relative dearth of studies on within-individual and between-individual variation, each has the potential to reveal important information to males, information beyond just the likelihood of ovulation. The size of a sexual swelling may, like many sexual signals in males, reveal information about access to resources. The expression of such an "indicator trait" is influenced by the condition of the individual displaying it. In the classical "handicap principle" form (Zahavi 1975) , some genotypes can more easily bear the cost of displaying the trait. In these cases, environmental stress increases phenotypic variation and reveals genetic quality, much like the patterns observed in stalk-eyed flies (David et al. 2000) . Condition-dependent sexual signals may also be important irrespective of additive genetic variance if, for example, superior access to resources has meaningful fitness benefits for the receiver. Indeed, evidence suggests that exaggerated swellings may be just this kind of signal; they may be larger in provisioned populations of primates and larger in females that are in good condition (Domb 2000; see "Discussion" in Zinner et al. 2002; Huchard et al. 2009a, b) That is, condition-dependence in sexual swellings may result in the signaling of information about both within-individual differences (if a female's access to resources changes throughout her lifetime) and between-individual differences (if some females have better access than others). Alternatively or in addition to information about condition, some researchers have proposed that swellings reveal heritable differences in female fitness (Pagel 1994; Domb and Pagel 2001; CluttonBrock 2007) . In this scenario, swellings might signal differences in individual female quality that persist despite variation in condition.
Here, we describe variation within and between individuals in swelling size in a natural population of baboons (Papio cynocephalus). We used longitudinal data to investigate potentially key sources of this variance in swelling size and we present a field method that is precise enough to capture fine scale variation. This method involves not only an optimized method for collecting images, but also a thorough analysis of error in measuring the images; we argue that in order to obtain valid morphological data with non-invasive methods, the biologically meaningful variation must exceed the variation that results from error intrinsic to the method (see Online Resource 1 for more elaboration on this point). In addition, because the study period spanned both a period of severe, unprecedented drought and a period of extreme rainfall, we had a unique opportunity to examine the effects of natural ecological variation on swelling size. We discuss both the implications of our findings for understanding exaggerated signals of fertility in females and the future potential for this field method.
Methods

Study species and population
We collected morphological, reproductive, and ecological data from a natural population of baboons that has been under continuous study by the Amboseli Baboon Research Project (ABRP) for over four decades (Hausfater 1975; Alberts et al. 2006; Gesquiere et al. 2007; Altmann et al. 2010; Alberts and Altmann 2012) . Baboons are large, diurnal, semi-terrestrial monkeys that are highly flexible foragers and have successfully adapted to habitats ranging from moist evergreen forests to deserts. Most baboon taxa, including the one studied here, live in stable social groups of 20 to 100 members; females remain in their natal groups throughout their lives while males disperse, first as they approach adulthood and then often repeatedly throughout their lives. Groups include multiple adults and juveniles of both sexes.
Female baboons reach menarche at a median of 4.5 years (Charpentier et al. 2008; Onyango et al. 2013) . During adulthood, they exhibit the highly visible sexual swellings that are the subject of this study, and that correspond to ovarian cycle phase (follicular vs luteal; Wildt et al. 1977) . Mating occurs year-round and in the context of mate-guarding episodes, typically called consortships, which occur during the follicular phase of the female cycle when females have swellings. Males compete intensively for access to fertile females; dominance rank is an important predictor of male mating success in most baboon populations, as in many other primates (Cowlishaw and Dunbar 1991; Bulger 1993; Alberts 2012) .
The Amboseli baboons occupy a short-grass savannah habitat that has undergone dramatic ecological change (from acacia woodland to semi-arid savannah) and is subject to extreme variation in both intra-annual and inter-annual rainfall Alberts et al. 2005) . The study population consisted of over 300 individuals of both sexes and all ages, all of which were habituated to human observers, individually identifiable by sight, and distributed across five different social groups during the period of this study.
Swelling size measures
Swelling sizes were measured from digital images of individual females, collected opportunistically during one field season of 12 months (November 2008 through November 2009) and a second field season of 5 months (February 2010 through June 2010). Because we were especially interested in capturing the maximal swelling size for each female, we attempted to follow and collect size estimates from all cycling females as they approached the period of maximal swelling until deturgescence (reduction of swelling) was observed; these beginning and end points of data collection were assessed by experienced observers (Gesquiere et al. 2007 ). We excluded one female who appeared to have reached complete agerelated infertility prior to our study period. We also excluded nulliparous females from our data set to avoid confounding our results with patterns of variation that might be specific to the transition from adolescence to adulthood. In other words, we only collected swelling size measures from females who had completed at least one pregnancy that resulted in a live birth.
We designated the day of deturgescence as "d-day" and then retrospectively assigned each preceding day relative to dday such that one day prior to d-day was "d-1", two days prior to d-day was "d-2," and so on. When more females in the population were cycling than we could follow simultaneously on a given day, we prioritized those turgescent females that were expected to be closer to deturgescence on that day, estimated by experienced observers and based on swelling size and the date of onset of turgescence (we assumed that females that had been swollen longer were closer to deturgescence). We thus obtained digital images from multiple days for a given female's cycle, but only occasionally obtained images for multiple consecutive days leading up to d-day.
Photoscale-2 and Nikon D70
We used a Nikon D70 digital camera body with a 300-mm fixed manual lens, fitted with a Photoscale-2 to generate images that allow conversion of a direct measurement of pixels to an estimate of size in millimeters (Jacobsen 1991) . The Photoscale-2 comprises a lens ring, which the observer attaches to the camera lens, and a digital reader with a sliding scale bar, which the observer attaches to the camera body (Online Resource 2) (Lee and Moss 1995; Emery and Whitten 2003) . In this way, the Photoscale-2 exploits the lens extension (LE), a mechanical contraction and extension that occurs as the photographer focuses on a subject, and records a digital measurement of the LE associated with any possible "focus distance," the distance from digital sensor plane to subject. The closer the subject is to the photographer, the further the lens will extend. Therefore, a relatively close subject will produce a higher LE than a subject that is further away. For this method to be consistent and effective, the size of the lens aperture must be taken into consideration because aperture size ("f-stop") has a marked influence on the depth of field, which, in turn, affects the ability of LE to capture subtle changes in focus distance. Therefore, we maintained the shallowest depth of field by fixing the lens aperture to its widest possible setting. Use of the wide aperture in combination with the high-light conditions of the East African savannah allowed for fast shutter speeds (usually >1/1,000 s), which prevented blur in the images. This combination of wide aperture and fast shutter speed maximized both precision and photographic clarity.
Pixels/mm conversion
In order to convert pixels to millimeters, we photographed a two-dimensional calibration image (a circle, diameter of 119 mm) from serial distances and recorded the associated lens extension. We then uploaded the images and measured the diameter of the calibration image in pixels using Image J (Schneider et al. 2012) . Using the lens extensions, known diameter, and pixel measurements, we generated a conversion equation of pixels/mm=(LE)×0.4213+0.0454. This equation combined with the lens extension for a given photographic image allowed measurement in pixels to be converted to measurements in millimeters. The accuracy of this method is entirely dependent upon the successful alignment of the focus plane to the desired plane of measurement. Using this conversion, we estimated swelling size from every digital image that was included in the sample set.
Individual measures
We only included a digital image in the sample set if it met the following four criteria: (1) the image was shot from squarely behind the subject, assessed by sight on the computer screen after the images were downloaded, (2) the desired plane of measurement (posterior view of swelling) was clearly in focus, also assessed by sight on the computer screen after image download, (3) the image had an associated lens extension higher than 3 mm (because error in the conversion increased markedly with very small lens extensions), and (4) there was a change in focus distance between consecutive images (either the subject moved, the photographer moved, or the lens was retracted to infinity and then refocused; e.g., Fig. 1a ; see Table 1 for sample sizes).
Initial measurements (pixels) were recorded using Image J software. After rotating the image so that a line bisecting the swelling was vertical, a Wacom Bamboo stylus and pen tablet was used to collect measurements both lengthwise and widthwise. To measure swelling width, we traced a line horizontally across the widest part of the swelling. The boundaries of the swelling width were discrete and therefore relatively easy to identify. Nonetheless, because the widest part of the swelling could not be precisely identified by the naked eye, we traced 10 measurements across the apparent widest place and retained the largest measurement. To measure swelling length, we traced a line vertically bisecting the swelling. In contrast to the discrete boundaries of the swelling width, the boundary between the anogenital tissue at the bottom of the swelling and the adjacent skin was more gradual and indiscrete. Therefore, rather than selecting only the largest of several measurements, we averaged the five length measurements collected from each image. These pixel measurements were then converted to a size estimate in millimeters using the previously generated pixel/mm conversion.
We collected as many images for cycling females as possible, given daily conditions. Multiple images for a given female on the same day contributed to a single mean estimate of size for that day. That is, each day's value for swelling size was the mean of all size estimates in a given day. For example, a female for whom we collected eight usable images on a given day would receive one size estimate for that day, averaged across the eight images (Fig. 1b) . In cases where it was only possible to collect one usable image from a female, the value for her swelling size on that day was equal to the measurement taken from the sole image. For the remainder of this article, references to measurements of swelling "size" indicate the mean of several measures from one day (in cases where multiple images were collected) or the measurement from the only available image (in cases where conditions prevented the collection of more than one image). We were able to score more images for swelling width than for swelling length because the tail of the animal often fell exactly vertical, obscuring the bottom of the swelling (see Table 1 for sample sizes). Finally, we restricted our data set for this study to those individual females for whom we were able to determine maximal swelling width and length for a given cycle.
Designation of "maximal" swelling size Our identification of maximal swelling sizes for each cycle followed three steps. First, we examined our measurement error, which we defined as the set of standard deviations for every daily size estimate in our sample that was averaged across two or more images. We produced a distribution of these standard deviations (measurement errors) and generated one error distribution for width measurements and one error distribution for length measurements.
Second, we examined whether the changes in swelling size that we measured from one day to the next were larger than our measurement error, in order to confirm that our method captured real day-to-day change in swelling size. To do this, we identified all individuals for whom we had swelling size measures on at least two consecutive days between day d-4 and day d-1 of the cycle (see "Error analysis: matched photographic pairs, Table 1 ). We had one set of swelling size differences for swelling length and one set for swelling width between d-4 and d-3, a second set of swelling size differences between d-3 and d-2, and a third set of swelling size differences between d-2 and d-1. Swelling widths ranged from 105.36 to 164.83 mm with an average standard deviation of 1.94 mm within female-days (1.18-1.84 % error); swelling lengths ranged from 100.90 to 300.90 mm with an average standard deviation of 3.88 mm within female-days (2.36-3.68 % error). For both width and length, we found a highly significant difference between the measurement error and the Fig. 1 Examples of digital images used for data collection and scoring, completed from high resolution color versions. a Images were first subjected to four explicit criteria before they were added to the data set (see Methods). Next, they were rotated until the swelling could be bisected vertically (represented by a dashed white line). Finally, width was measured at the largest point across the swelling (represented by a solid white line). b Multiple images for the same individual on the same day were scored individually, and all contributed to one final measurement of swelling width for a given individual on a given day. Using the pixels/mm conversion associated with each lens extension, a width measurement was generated for each image (displayed at immediate right of image). The mean of these measurements constituted the daily swelling width and the standard deviation was considered the measurement error. A similar procedure was followed for swelling length. In contrast, from day d-2 to d-1, we found a significant difference between the measurement error and the change in swelling length (Wilcoxon rank sum test: W=2,555, p=0.03), but not in swelling width, although it trended toward being larger than the error (Wilcoxon rank sum test: W=3,452, p= 0.10) (Fig. 1c) .
Third, because our second step demonstrated that changes in swelling size from day d-4 to d-3, and from d-3 to d-2, were large enough to be reliably measured, but changes from d-2 to d-1 sometimes were and sometimes were not, we sought confirmation that swelling sizes increased each day approaching d day. We found, as expected, that swellings were more likely to increase than decrease in both width and length from d-4 to d-3 and from d-3 to d-2 (Exact Binomial Test for d-4 to d-3: width, p=0.03; length p=0.02; Exact Binomial Test for d-3 to d-3: width, p=0.01; length, p=0.14). However, between d-2 and d-1, swellings were just as likely to decrease as they were to increase in both width and length (Exact Binomial Test; width, p=1; length, p=0.5). This inability to predict the direction of change in size between d-2 and d-1 suggests that some swellings began to slowly decrease before observers could visually detect deturgescence whereas others were still increasing; this heterogeneity would make it more difficult to pinpoint the exact d-day by sight. In other words, multiple lines of evidence showed that swelling sizes (both width and length) predictably increased from d-4 to d-2, but did not predictably increase during the window of time between d-2 and d-day.
Therefore, we considered measurements from either d-2 or d-1 as measurements of "maximal swelling size". We then restricted the remainder of the analyses only to those subjects for whom we had size estimates on one or both of days d-1 and d-2 (see Multi-model inference, Table 1 ). When we had size estimates for both days for a given subject, we designated the larger of the two as the subject's "maximal swelling size" for that cycle.
Ecological data
From November through May each year, the Amboseli ecosystem receives highly variable amounts of rain; the months of June-October constitute a long and predictably dry season. The yearly average is ∼350 mm, but the range is 141-757 mm, and any given month or set of months between November and May may experience no rain. Alberts et al. 2005) . Indeed, very little rain fell between Nov 2007 and Nov 2009, resulting in the most severe drought that Amboseli had experienced in over 50 years (Alberts and Altmann, unpublished data) . The first of our study's two time periods occurred during the end of this period of extreme drought (June 2009 -October 2009 . The second of our study's two time periods (February through June 2010) occurred during a period of heavy rains, which were probably due to an El Nino effect (Kiage and Obuoyo 2011) .
Swelling size is likely to be influenced by food availability. One study (Domb and Pagel 2001 ) demonstrated swelling size differences that were strongly correlated with differences in food availability (discussed in Zinner et al. 2002) , and Huchard et al. (2009a, b) showed that females with better body condition have larger swellings. Our data set presented a rare and unanticipated opportunity to examine direct ecological effects on sexual swelling size in a completely unprovisioned population. Baboons feed primarily on plants whose growth is determined by a combination of rainfall and temperature. Thus, we created a metric of drought status using rainfall data (mm) and temperature data (°C), both of which are collected continuously by the Amboseli Baboon Research Project . Following Le Houerou (1989) and Beehner et al. (2006) , we used a metric that is based on the combined temperature and rainfall requirements for most African crops (see also Bronikowski and Altmann 1996) . We defined a "wet month" as any 30-day period that received more than twice the mean annual temperature; in Amboseli, this threshold corresponds to 50 mm of rain (Beehner 2006) . In other words, rather than characterizing given calendar months as wet or not, this method classifies each 30-day period in a sliding window. To categorize the ecological conditions that each female was under when a given swelling measurement was collected, we counted the number of days since the end of the last "wet" 30-day period. This created a "drought score", days since last wet month (d) a continuous variable that reflected the distribution of ecological conditions. For example, a day falling within a 30-day period of over 50 mm of rain-lush ecological conditions in the Amboseli basin-would receive a drought score of 0. In contrast, a day that was 25 days after there had been a cumulative rainfall of 50 mm within a 30-day period received a score of 25. Because a typical year in Amboseli includes a 5-month dry season, a drought score greater than 150 (corresponding to more than five continuous dry months) can be thought of as reflecting drought conditions, with the severity of the drought increasing as the drought score increases. Because our study spanned two periods (see above), our drought score data were distributed bimodally, with most of the swelling size data either having been collected under very wet conditions (for Amboseli) or under extreme drought conditions (Online Resource 3 for distribution of swelling size data across rainfall, https://amboselibaboons.nd.edu/ downloads/ for Amboseli rainfall data from 1976-2012 calendar years).
Age, dominance rank, and reproductive status Because female age, dominance rank, and aspects of reproductive status are all likely to be associated with female baboon fertility and fecundability, we included these variables in our analysis. Using behavioral, reproductive, and other longitudinal data that were collected in accordance with the ABRP protocol, we included female age, female rank (ordinal rank number), and cycles since resumption (number of cycles since last pregnancy) as predictor variables in the model. We did not examine the effect of parity on variation in swelling size because age and parity are highly collinear (female age accounted for 83 % of the variance in parity).
Age (a)
If sexual swelling size signals reproductive capacity or reproductive value, the signal may change with age (because fertility changes with age; Beehner 2006; Altmann et al. 2010) . Each individual female in the study population had a closely known birthdate, from which age (rounded to the nearest tenth of a year) was calculated.
Dominance rank (r)
Dominance rank influences access to resources (Barton 1993; Barton and Whiten 1993) , which influences fertility (Bercovitch and Strum 1993; Altmann and Alberts 2003) . Furthermore, previous studies of sexual swellings have noted that provisioned primate populations display especially large sexual swellings (Fa and Southwick 1988) suggesting that access to resources may be a contributor to variation in swelling size. As part of the ongoing Amboseli baboon research, females are assigned an ordinal dominance rank each month on the basis of decided agonistic interactions between pairs of individuals (Hausfater 1975; . The highest ranking female in the group is assigned rank 1, the next highest ranking female is assigned rank 2, and so on.
Cycles since resumption (c)
In order to examine within-individual variation, we included as a predictor variable an ordinal number indicating the number of "cycles since resumption" represented by that cycle. Females do not cycle when pregnant and, after parturition, generally undergo a period of post-partum amenorrhea, ranging from 6 to 16 months (Altmann et al. 1977) . All postmenarcheal females were monitored regularly for cycling status, and each cycle was counted relative to the first cycle since the last pregnancy, so that the first ("resume") cycle was 1, the second cycle was 2, and so on.
Data analysis
We used an information theoretic approach to investigate the potential sources of variance in maximal swelling size, because, rather than testing one alternative hypothesis against a null, our inquiry entertained a family of hypotheses that were, a priori, equally plausible (reviewed by Burnham et al. 2011; Garamszegi 2011; Symonds and Moussalli 2011) . This method assumes that the researcher has used previous biological knowledge to select appropriate predictors and then evaluates a set of candidate models. That is, while the variables that we considered as potential predictors of variance in swelling size were informed by our biological knowledge, several different combinations of those predictors were equally plausible at the outset, making this study ideal for an information theoretic approach.
We evaluated a candidate model set that included age, female rank, number of cycles since resumption, and days since last wet month as fixed effects in a linear mixed-effects model using a maximum likelihood method (Table 2) . To both account for the repeated sampling of subjects that were represented in the data set more than once (for multiple cycles) and to test for individual differences in swelling size, we included female identity as a random effect in all of the models. We calculated an adjusted measure of Akaike's Information Criterion (AIC) (Akaike 1973 ) for combinations of fixed effects and interactions, up to five terms, using the "dredge" function in the MuMIn package of the statistical software, R. This adjusted measure, AIC C , accounted for our limited sample sizes (Burnham et al. 2011; Symonds and Moussalli 2011) . We then calculated the difference between each model's AIC C and the model with the lowest AIC C (ΔAIC C ) and the Akaike weight value (w i ). As is the convention, we considered those models with a ΔAIC C of less than 2 to be equivalent in terms of their likelihood to capture meaningful variation in the response variable. We performed this analysis twice: once for swelling width, and once for swelling length.
After the initial information theoretic analysis, we used a standard model averaging technique to estimate the effect sizes for each relevant parameter. In order to estimate the relative effect sizes of each term that appeared in any of the top models, we averaged the models in each of the 95 % confidence sets (i.e. ΔAIC C <10). Model averaging with this threshold of confidence provides an additional and conservative method of estimating the effects of a given predictor (Burnham and Anderson 2002) . To create these parameter estimates, we re-calculated Akaike weights for one subset of models per term for the width confidence set and one subset of models per term for the length confidence set. Weighted averages were created by multiplying these revised weights by the term of interest for each model respectively and then summing these products.
In order to elucidate how each of the important predictors contributed to variation in maximal swelling width and length, we examined the individual effects of each in post hoc analyses. We controlled for pseudoreplication in the post hoc analysis of age and dominance rank by further restricting the data set so that each female was only represented once (selecting, for each female, the cycle with the highest cycles since resumption). We chose this approach-rather than additional mixed-effects models, which evaluate only the means (and not the variances) of fixed effects-because it allowed us to estimate the variance in swelling size that was explained by each of the relevant predictors. Because female identity is independent of cycles since resumption and days since last wet month and therefore should not impose a random effect on the relationship between these two predictors and swelling size, we did not restrict those post hoc analyses. In other words, we allowed females to be represented in the data set more than once and we did not include female identity as a random variable for post hoc analyses of cycles since resumption and days since last wet month.
Finally, in order to estimate the between individual variation in swelling size, we compared our best model for swelling width and our best model for swelling length to identical models that excluded individual female identity as a random variable. We then performed a variance component analysis by partitioning the variance that remained unaccounted for by the fixed effects in a mixed-model, using the identical data set as in the multi-model inference. We performed this variance component analysis for every model in each of the two 95 % confidence sets, producing a range of estimates for the proportion of unexplained variance that is attributable to female identity.
Results
Multi-model inference
Multiple models in our candidate set produced a ΔAIC C that was within two units of the model with the lowest AIC C , indicating that they had substantial and nearly equivalent support (Table 3) . For swelling width, the top three models all indicated that some combination of age, cycles since resumption, and our drought variable (days since last wet month) played a role in determining swelling width. For swelling length, female dominance rank appeared in six of the seven top models, while age appeared only twice. As with swelling width, cycles since resumption and days since last wet month were important for swelling length; they appeared in every model in the confidence set. That is, our analysis indicated that cycles since resumption and days since last wet month affected both aspects of swelling size, and that age and dominance rank each influenced one aspect of size more than the other. Finally, two interaction terms appeared. An interaction between cycles since resumption and days since last wet month appeared in both confidence sets, while an interaction between days since last wet month and female dominance rank appeared in one of the top models for length. The model-averaged parameter estimates provide additional evidence that cycles since resumption affected both swelling width and length, that age influenced swelling width, and that dominance rank influenced swelling length (Table 4) .
Female age
Age appeared in all the top models for swelling width but in only two of the best models for swelling length. Indeed, in a post hoc simple linear model with a restricted data set so that each female was only represented once (see "Restricted post hoc analyses", Table 1 ), age explained 4 % of the variance in swelling width but none of the variance in swelling length. However, the relationship between age and swelling size strengthened when we excluded the oldest females in our data set (>20 years). We chose 20 years as a conservative threshold because Amboseli females older than ∼18 years have declining rates of fertility Altmann et al. 2010 ).
When we included only females younger than 20 years of age, we found that both maximal swelling width and length increased for females as they aged from early to middle adulthood (Fig. 2a.) . Although the maximum lifespan for baboons in Amboseli is 27-28 years (Bronikowski et al. 2011) , only 6 % of the females in our total sample (3 of 46 females) were over the age of 20. Understanding the way in which maximal swelling size changes with age in late adulthood will require further study with a data set that includes more females that are older.
Dominance rank
Although female dominance rank did not appear in any of the best top models for swelling width, it appeared in all but one of the seven top models for swelling length. This difference between width and length remained when we examined the bivariate relationships in two simple linear models; dominance rank explained none of the variance in swelling width (R 2 =−0.005), but females of higher dominance rank tended to have longer swellings (R 2 =0.03) (Fig. 2b) . This relationship persisted when we removed the oldest females from our analysis.
Cycles since resumption
Cycles since resumption appeared in every model in the confidence set for both swelling width and length. Specifically, maximal swelling width and length were larger with increasing numbers of cycles since resumption, indicating a pattern of progressively increasing maximal swelling size as a female continued to cycle without becoming pregnant (Fig. 2c) . This population-level pattern was also evident in individual trajectories of maximal swelling size across consecutive cycles. All Table 3 Models of fixed effects on variation in maximal swelling size (width, N=96 cycles; length, N=85 cycles; see Table 2 for descriptions of variables. Interaction terms are indicated with an asterisk. All models include female identity as a random effect, only the first 20 models of full candidate set are shown, and italicized rows should be considered equivalent to best model (i.e., Δi<2) 10 individual females that we observed across at least two cycles in the wetter 2010 study period showed this pattern of increased size across cycles (Online Resource 4).
Days since last wet month
Days since last wet month appeared in all of the top models for length and the top two models for width. We therefore compared the distributions of maximal swelling size during the most extreme drought period (when females had experienced 150 days or more since a 30-day period of over 50-mm rain) with the distribution of maximal swelling sizes during a wet period (i.e., during a 30 day period when there had been at least 50 mm of rain.) Mean maximal swelling widths and lengths during drought periods were smaller than during "wet" periods (Fig. 3) .
Interaction between cycles since resumption and days since last wet month
An interaction between cycles since resumption and days since last wet month appeared in both of our confidence sets. In a post hoc analysis, we examined that potential interaction by partitioning the data into drought days (days since last wet month>150) and wet days (days since last wet month<30), excluding data that fell between these two partitions. We then modeled the effect of cycles since resumption on maximal swelling size in each partition. In a least squares regression, cycles since resumption was a significant predictor of swelling width during the wet months (parameter estimate=2.06, p=0.03, R 2 =0.08, N=29 females), but not during the drought (parameter estimate=−0.06, p=0.91, R 2 =−0.03, N=21 females) (Fig. 4a) . A similar, though non-significant, pattern was found for swelling length. That is, cycles since resumption explained variance in swelling length during the wet months (parameter estimate=2.30, p=0.16, R 2 =0.03, N=28 females), but not during the drought months (parameter estimate=1.16, p=0.23, R 2 =0.01, N=21 females) (Fig. 4b) . Although this analysis does not control for the multiple testing inherent in the information theoretic approach, we report the p values here to demonstrate the considerable reduction in the predictive power of cycles since resumption during drought days as opposed to wet days.
Interaction between dominance rank and days since last wet month Finally, an interaction between female dominance rank and days since last wet month appeared once in our confidence set for swelling length. Specifically, swelling lengths of low ranking females tended to be smaller than those of high ranking females during the drought (parameter estimate= −0.68, p=0.08, R 2 =0.05, N=21 females), but dominance rank did not predict swelling length during the wet months (parameter estimate=−0.29, p=0.51, R 2 =−0.01, N=29 females).
Unexplained variation and enduring differences between individuals
Female identity had a substantial effect on swelling size. For swelling width, excluding female identity as a random variable from the single top model in our candidate set produced an AIC C of 716.6, compared to an AIC C of 653.6 for a model including the random variable, yielding a Δ i of 64. For swelling length, the AIC C values were 734 versus 700.40 To further quantify the effect of female identity, we performed a variance component analysis for each of the models in the two 95 % confidence sets. Of the variance in swelling width that was unexplained by the fixed effects in these models, 86-88 % (depending on the model) was explained by female identity, while only 12-15 % was attributable to error (or other unidentified sources of variance). Similarly, of the unexplained variance in swelling length, 64-75 % was explained by female identity. In other words, the most conservative estimate is that female identity explained 86 % of swelling width and 64 % of swelling length. Taken together, these two analyses provide strong evidence that individuals exhibited significant differences in swelling size that were enduring across consecutive cycles (i.e., were not explained by cycles since resumption), that were not accounted for simply by age or dominance rank, and that persisted in spite of the effects of environmental perturbations such as droughts (Fig. 5 ).
Discussion
Our analysis demonstrates ecological effects on the maximal swelling size that female baboons achieve on a given sexual cycle. It also demonstrates that characteristics of both an individual female and an individual cycle influence swelling size. The most consistent effect was the positive relationship between cycles since resumption and swelling size: swellings got bigger as sexual cycles accumulated after a female's most recent episode of post-partum amenorrhea. This study confirms previous findings that have also found evidence for this type of within-individual variation in both baboons and chimpanzees, which represent independent evolutionary origins of sexual swellings (chimpanzees, Emery and Whitten 2003; Deschner et al. 2004; baboons, Higham et al. 2008a, b; Huchard et al. 2009a, b) . However, sample sizes in previous studies were limited. Because the effect of cycles since resumption was the strongest predictor in this analysis, and the sample size was large (for studies of wild primates), this study provides the strongest evidence to date that variation in size within individuals across sexual cycles signals changes in the probability of conception across cycles, in at least some species. Likewise, the positive relationship between age and swelling size among reproductively active young to middle-aged females further suggests that swelling size tracks changes in a female's age-specific fertility. The increase in swelling size through middle age reported here mirrors an age-related increase in the probability of conception for cycling females and in birth rates in this population (Beehner 2006; Altmann et al. 2010) . Older females (beyond 18 years) experience an agerelated decline in fertility and we predict that when more swelling size data are available for females in that age range, they will show a gradual decline in swelling size with age (see also Fig. 2a ). Our study also provides the first evidence from a natural population (i.e. not food enhanced) that swelling size is influenced by changing environmental conditions. This study supports and extends previous observations that swelling size differences can be strongly correlated with differences in food availability between social groups (Zinner et al. 2002) , and that females with better body condition may have larger swellings (Huchard et al. 2009a, b) . The difference in size that we found between the drought and the period of good rainfall is likely a consequence of the interaction between days since last wet month and cycles since resumption. In particular, we found that females exhibited larger swellings with each subsequent cycle during the period of good rainfall, but not during the period of drought, suggesting that the water sequestration required to produce a swelling may present a physiological challenge to female primates.
Females of higher dominance rank tended to have longer swellings, but there was no effect of dominance rank on swelling width. In reality, males probably assess female swelling size as a whole rather in one component at a time. A signal of dominance rank in length but not width may simply reflect a somewhat weaker relationship between rank and overall swelling size than we found for age, cycles since resumption, and days since last wet month, all of which showed the same pattern for both length and width.
Our analysis revealed substantial variation in swelling size between individuals, much of which remained unaccounted for by the variables we examined. That is, significant between-individual differences in swelling size persisted even when controlling for within-cycle and within-individual variation. This is an important step toward a complete description of how primate sexual swellings vary because, while other studies have made attempts to describe inter-individual variation (Domb and Pagel 2001; Huchard et al. 2009a, b) , this study is the first to control for several potentially confounding factors.
Several variables might influence this inter-individual variation, including differences in body size, genetic variation, or differences in endogenous hormones. We tried to measure body size using the same photographic technique that we used to measure swelling size, but we concluded that withinindividual error in these measurements was too great enough to warrant analyzing them (see Online Resource 5). Nonetheless, if males can assess whether a female's swellings are particularly large for her body size, this might represent somewhat more refined information than simply absolute swelling size. Currently, we have no direct evidence to indicate whether absolute swelling size or swelling size relative to body size is the more relevant signal, but we anticipate that subsequent studies of male response to swelling size will reveal this information. If genetic variation influences variation in swelling size, important genetic differences might be found in insulin/IgF receptor genes; a recent study hypothesizes that sexually selected are most likely to exploit the insulin/IgF pathway (Emlen et al. 2012) . Indeed, one study has already indicated that swellings may sometimes reveal information about genes related to immune function (Huchard et al. 2010) . Similarly, because circulating levels of estrogen drive the increase in swelling size (Ozasa and Gould 1982; Onouchi and Kato 1983) , genetic variation in estrogen receptor genes and their associated regulatory regions may be important determinants of swelling size. Finally, interindividual variation in swelling size may reflect enduring differences in circulating levels of hormones, or receptor density in the tissue involved.
Taken together, our study suggests that sexual swellings potentially signal multiple types of information relevant to fertility. They may signal the probability of conception, as it is influenced both by the cycle-distance from a female's most recent pregnancy and by access to nutritional resources. Similarly, changes in swelling size within a female or differences in swelling size between females may reflect age dependent changes in fertility. Finally, swelling size may indicate enduring differences in fertility between females.
Future research should examine the male behavioral response to this variation in swelling size in order to elucidate further the role that swellings play in signaling, or concealing, fertility information to males. Additional studies are needed that investigate the sources of variance in individual variation as well as the specific components of fitness that variation in swelling size-and fertility signals in general-might be correlated with. This is especially important as biologists begin trying to understand how these fertility signals might influence the evolution of male mate choice and how the traits themselves evolve. (R01AG034513 and P01 AG031719) . Support data from this project are available in the Dryad database: doi:10.5061/dryad.bb7c3.
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